Several observations have implicated oxidative stress and aggregation of the presynaptic protein  -synuclein in the pathogenesis of PD.  -Synuclein has been shown to have affinity for unsaturated fatty acids and membranes enriched in PUFAs, which are especially sensitive to oxidation under conditions of oxidative stress. One of the most important products of lipid oxidation is 4-hydroxynonenal (HNE), which has been implicated in the pathogenesis of Parkinson's disease. Consequently we investigated the effects of the interaction of HNE with  -synuclein.
Incubation of HNE with  -synuclein at pH 7.4, 37 C resulted in covalent modification of the protein, with up to six HNE molecules incorporated as Michael addition products. FTIR and CD spectra indicated that HNE modification of  -synuclein resulted in a major conformational change involving increased  -sheet. HNE modification of  -synuclein led to inhibition of fibrillation in an HNE-concentration-dependent manner. This inhibition of fibrillation was shown to be due to the formation of soluble oligomers based on SEC HPLC and AFM data. Small-angle X-ray scattering analysis indicated that the HNE-induced oligomers are compact and tightly packed. Treatment with guanidinium chloride (GuHCl) demonstrated that the HNE-induced oligomers were very stable with an extremely slow rate of dissociation. Addition of 5  M HNE-modified oligomers to primary mesencephalic cultures caused marked neurotoxicity, since the integrity of dopaminergic and GABAergic neurons was reduced by 95% and 85%, respectively. Our observations indicate that HNE-modification of  -synuclein prevents fibrillation but may result in toxic oligomers which could therefore contribute to the demise of neurons subjected to oxidative damage.
Parkinson's disease is the second most common neurodegenerative disorder (after Alzheimer's disease) and affects approximately 1-1.5 % of the US population over age 60. PD symptoms are attributed to the progressive loss of dopaminergic neurons in the substantia nigra. Some surviving nigral dopaminergic neurons contain cytosolic filamentous inclusions known as Lewy bodies (LBs) and Lewy neurites (LNs) (1;2). Several observations have implicated the presynaptic protein  -synuclein in the pathogenesis of PD.  -Synuclein was shown to be a major fibrillar component of LBs and LNs (3) , and the production of  -synuclein in transgenic mice (4) or in transgenic flies (5) leads to the motor deficits and neuronal inclusions reminiscent of PD. Point mutations in  -synuclein, and duplication or triplication of the  -synuclein gene, are associated with earlyonset familial PD (6) (7) (8) (9) (10) , indicating the critical role of  -synuclein aggregation in PD.  -Synuclein is a small (14 kDa), highly conserved protein that is abundant in various regions of the brain (11) , and is intrinsically unstructured, i. e. natively unfolded (12;13) . It is clear that membranes play an important role in the function of  -synuclein under both normal and pathological conditions. Affinity of  -synuclein for unsaturated fatty acids and membranes enriched in polyunsaturated fatty acids (PUFAs) has been reported (14) (15) (16) (17) .
Although not yet fully understood, the physiological function of  -synuclein is likely to involve a role in modulating synaptic plasticity (18) , presynaptic vesicle pool size, and neurotransmitter release (19) (20) (21) , as well as vesicle recycling (22) . In agreement with these membrane-related functions, the amino acid sequence analysis of human  -synuclein shows seven repeats of 11 residues in the N-terminal half of the molecule, with a consensus sequence of KTKEGV, which is reminiscent of lipidbinding domains of apolipoproteins, and the first five repeats are predicted to form amphiphilic helices (23) .  -Synuclein is found in both cytoplasmic and membrane-associated forms. Recently,  -synuclein has been shown to bind to lipid raft-like regions of cells (24) .  -Synuclein interacts with liposomes containing phospholipids with acidic head groups in vitro (25) (26) (27) (28) (29) . This interaction causes  -synuclein to undergo a conformational change from an unstructured monomer in solution to an  -helical, membrane-bound protein (23;30;31).
Oxidative stress, in which production of highly reactive oxygen species (ROS) overwhelms antioxidant defenses, has been increasingly implicated in a number of neurodegenerative disorders characterized by deposition of abnormal forms of specific proteins in affected neurons, including PD, Alzheimer's disease, Pick's disease, other Lewy body diseases, amyotrophic lateral sclerosis, and Huntington disease (32) (33) (34) (35) (36) (37) (38) . ROS induce peroxidation of lipids (cellular membrane lipids or circulating lipoprotein molecules) generating highly reactive aldehydes (39) . One of the most important products of lipid peroxidation is the highly reactive aldehyde 4-hydroxynonenal (HNE, structure 1) (40;41), which has been implicated in the pathogenesis of neurodegenerative diseases such as Alzheimer's disease, amyotrophic lateral sclerosis, and Parkinson's disease (33-38;42;43) .
In the present work, the effect of HNE on the conformation, aggregation and toxicity of  -synuclein have been investigated. The results indicate that HNE readily reacts with  -synuclein to form covalent adducts, and that the modified  -synuclein does not undergo fibrillation, due to the formation of stable soluble oligomers. These oligomers are toxic to primary cultures of mesencephalic cells.
EXPERIMENTAL PROCEDURES
Chemicals -4-Hydroxyl nonenal (HNE) was purchased from Cayman Chemical. Nonanal (95%) (nonyl aldehyde) was purchased from Aldrich. Peptone and yeast extract used in the medium were purchased from Difco. All other chemicals were purchased from Fisher or Sigma and were of the highest grade available. The water was doubly deionized.
Expression and Purification of  -synucleinHuman wild type  -synuclein was expressed in the E. coli BL21(DE3) cell line transfected with pRK172  -synuclein WT plasmid (kind gift of M. Goedert, MRC Cambridge) and purified by a procedure modified from (44) . Briefly, the pellet from two liters of cells induced with 0.5 mM isopropyl  -D-thiogalactopyranoside was lysed by sonication at 0°C in 50 mM NaCl, 20 mM Tris-HCl, 0.10 % (v/v) Triton-X100, 0.20 mM phenylmethylsulfonyl fluoride at pH 8.0. The lysis suspension was brought to 30% saturation with ammonium sulfate at 0°C (pellet discarded) followed by 50 % saturation with ammonium sulfate. The resultant pellet was dialyzed against 50 mM NaCl, 20 mM Tris-HCl, pH 7. . 10  l of protein solutions of unmodified and HNE modified  -synuclein were applied evenly on the surface of a germanium crystal and dried to form a hydrated thin film using a stream of nitrogen. Background and water vapor subtractions were performed. Curve fitting of the amide I regions (raw spectra) were performed using Gaussian/Lorentzian functions with the software GRAMS (45) . Second derivative and Fourier self-deconvoluted spectra were used as a peak position guide for the curve fitting procedure.
Size Exclusion Chromatography -The hydrodynamic size of HNE-modified  -synuclein was measured by size-exclusion chromatography on a BioSep-SEC-S 2000 column (Phenomenex) using a Waters HPLC system. The eluting buffer was 10 mM phosphate buffer at pH 7.4.
SAXS Measurements -Small angle X-ray scattering measurements were performed on Beam line 4-2 at the Stanford Synchrotron Radiation Laboratory (SSRL). The SAXS instrument was configured with a Mo:CB 4 multilayer monochromator, an 18 mm beamstop, and a 218 cm sample-to-detector distance. The fresh prepared samples were centrifuged at 10,000 rpm for 10 minutes before illuminated in the X-ray beam using a PTFE flow-cell with 1.3 mm path length to minimize radiation damage. Data were collected with an accumulation time of 10 minutes at 25°C. Buffer scattering was subtracted, and radii of gyration were calculated using the Guinier approximation.
Stability of HNE-induced oligomers -
The HNEinduced oligomers were purified using size exclusion chromatography (Superdex 200, Pharmacia). The purified oligomers (1 mg/ml) were treated with series concentrations of GuHCl for 30 minutes at 25°C, followed by HPLC size exclusion analysis using a G2000 column (TOSOH BIOSCIENCE) on a Waters 2695 HPLC system. The flow rate was set to 0.5 ml/min and the eluted species were monitored at 210 nm and 275 nm concurrently. Mass spectrometry -HNE-modified  -synuclein was analyzed using ESI MS (MicroMass ZMD, UK). Samples were prepared as follows: the protein solution of HNEmodified  -synuclein was run through a desalting column (Pharmacia, 5 ml) to remove any unreacted 4-hydroxy-2-nonenal. 10  l of the protein containing-fraction was then loaded on a mini C8 reverse phase column (Pharmacia). After rinsing with 3 column volumes of H2O, the protein fraction was eluted by 80% acetonitrile and directly injected into the mass spectrometer.
AFM Measurements -AFM images were collected with a PicoScan LE SPM system (Molecular Imaging, Phoenix, AZ) equipped with Acoustic AC mode (Tapping mode) for exsitu experiments. The magnetically coated probes were 5-7 nm radius with a 2.8 Newton/m spring constant, Type II MAC Levers (Molecular Imaging), were used in MAC mode and oscillated at about 30-kHz resonance frequency under an alternating magnetic field. Triangular cantilevers with 100 kHz resonance Frequency and 2 N/m spring constant, the Vshaped cantilever CSC21/Si3N4/No Al (MikroMasch), were used in tapping mode imaging.
Heights ranging from 0.1 to 100 nm were estimated by section analysis, and lateral sizes were calibrated with standard calibration grid. At least four regions of the mica surface were examined to verify that similar structures existed through the sample. No filter treatment was used to modify the images. SPIP 4.0 (Image Metrology) was used to analyze the height, area and volume distribution of the alpha Synuclein aggregates.
Fibril Formation Assays -Assay solutions contained  -synuclein at a concentration of 1.0 mg/ml (70  M) in 10 mM Tris-HCl and 0.1 M NaCl, pH 7.4 at 37°C, containing 10  M ThT as a fibrillation indicator (46) . A volume of 120  l of the mixture was pipetted into a well of a 96-well plate (white plastic, clear bottom), and a 1/8th in. diameter Teflon sphere (McMasterCarr, Los Angeles) was added for agitation. Each sample was run in quadruplicate. The plates were sealed with Mylar plate sealers (Dynex). The plate was loaded into a fluorescence plate reader (Fluoroskan) and incubated at 37°C with shaking at 600 rpm and a diameter of 1 mm. The fluorescence was measured at 30 min intervals with excitation at 450 nm and emission at 485 nm, with a sampling time of 40 ms. The data from replicate wells were averaged before plotting fluorescence vs. time. The data were fit to a sigmoidal equation (eq 1) using Sigmaplot (47):
where F is the fluorescence intensity and tm is the time to 50% of maximal fluorescence. The initial baseline during the lag time is described by Fi + mit. The final baseline after the growth phase has ended is described by F f + m f t. The apparent rate constant, k app , for the growth of fibrils is given by 1/ , the lag time is calculated as t m -2 , and the amplitude, amp, is given by F f -Fi.
Primary Rat Ventral Mesencephalic Cultures -
Cultures were prepared from the ventral mesencephalon of Sprague-Dawley rats (Charles River Laboratories) of 14-days gestation (48) . Experimental protocols were in accordance with the NIH guidelines for animal use and were approved by the Institutional Animal Care and Use Committee. Dissected tissues were incubated in calcium-free Hank's Balanced Salt Solution (HBSS) containing trypsin (0.1%, Sigma) and DNase (0.5 mg/ml, Sigma) for 6 min. The trypsinization process was terminated by addition of HBSS containing soybean trypsin inhibitor (0.1 mg/ml, Sigma) and DNase (0.5 mg/ml). Cells were dissociated by gentle trituration using a fire-polished Pasteur pipette and were then centrifuged at 100g for 10 min.
The supernatant was discarded and the cells were resuspended in DMEM:F12 medium (HyClone) supplemented with 10% Fetal Bovine Serum (FBS, HyClone). Cultures were plated in 96-well plates coated with poly-D-lysine (100mg/ml, Sigma) at a density of 100,000 cells/well in DMEM:F12 containing 10% FBS, penicillin and streptomycin (Sigma). Cells were exposed starting on day 5 in culture for 48 hrs to 0, 1 or 5  M of freshly prepared 4-HNEstabilized  -synuclein oligomer (the concentrations were determined on the basis of the amount of protein used to form the oligomers). Cells were exposed with concentrated stocks for minimal addition of media (final dilution 1:10) to avoid toxicity associated with medium changes.
[ 3 H]Dopamine and [ 3 H]
GABA Uptake -For assessment of dopamine uptake, cultures were rinsed with DMEM:F12 containing 1 mM ascorbic acid and incubated for 30 min at 37 o C with the same buffer containing 1 mCi/ml [ 3 H]dopamine. Non-specific binding was determined in cultures treated with the dopamine uptake inhibitor mazindol (10  M). To determine GABA uptake, cultures were washed with uptake buffer composed of DMEM:F12 with 500mM  -alanine and 10mM amino oxyacetic acid to block high affinity glial uptake and enzymatic degradation of GABA, respectively. Subsequently, 1 mCi/ml [ 3 H]GABA in uptake buffer was added to cells and incubated for 30 min at 37  C . For both dopamine and GABA uptake cells were rinsed with phosphate-buffered saline (PBS, pH 7.4), the radioactivity was extracted with Optiphase SuperMix Cocktail and measured using a liquid scintillation counter.
RESULTS

Interaction of a-synuclein with HNE in vitro -
Preliminary experiments (data not shown), using mass spectrometry, demonstrated that incubation of HNE with  -synuclein at pH 7.4, 37 C resulted in covalent modification of the protein, and that the amount of HNE incorporated increased with increasing concentration of HNE. Preliminary Thioflavin T assays also revealed that HNE modification of  -synuclein led to inhibition of fibrillation in a concentrationdependent manner.
The modification of  -synuclein with HNE was monitored by ESI MS (Fig. 1) . The top spectrum, which is the control ( -synuclein with the same amount of ethanol (3%) as in the samples with HNE), shows a single peak with the expected molecular mass for  -synuclein of 14,460 Da. The subsequent spectra are for  -synuclein treated with increasing concentrations of HNE, and show a series of peaks with increasing mass in units of 156 Da, the molecular mass of HNE, as the HNE concentration increased.
The data in Fig. 1 show that  -synuclein is modified by the covalent addition of up to six HNE molecules as Michael addition products, and that the majority of  -synuclein has 1, 2, or 3 HNE added. With one molar equivalent of HNE close to 50% of the protein was modified by the addition of a single HNE. To demonstrate specificity in the reaction of  -synuclein with HNE we compared its affect with that of the related analog, nonyl aldehyde (nonanal), which lacks the unsaturated bond and hydroxyl of HNE. No evidence for covalent modification was found using MS, and the presence of nonanal did not inhibit fibrillation: in fact, incubation of nonanal with  -synuclein led to rapid amorphous aggregation of the protein (data not shown). No evidence was seen in the MS for stable advanced lipoxidation end products such as the HNE-Lys-derived 2-pentylpyrrole As shown in figure 1 , we find significant labeling (20-30%) of 70  M alpha-synuclein by a substoichiometric 50  M concentration of HNE, and a small amount of labeling is observed with 10  M HNE (but since this is only 15 mol% of the amount of alpha-synuclein we expect limited labeling). Also, even at 10  M HNE we see a significant increase in the lag time of alpha-synuclein fibrillation (see below). Thus, we contend that the observed effects of low concentrations of HNE suggest that our observations may be physiologically significant.
Conformational changes of  -synuclein induced by HNE modification -As noted,  -synuclein is a natively unfolded protein. At neutral pH it is calculated to have 24 negative charges (15 of which are localized in the last third of the protein sequence), leading to strong electrostatic repulsion, which contributes to the lack of folding of  -synuclein (13) . The effects of HNE modification on the  -synuclein structure were compared with unmodified protein using far-UV CD spectroscopy. As shown in Fig. 2 , the spectrum of  -synuclein (solid circles) is typical of an unfolded polypeptide chain, with a minimum in the vicinity of 198 nm, and the absence of characteristic bands in the vicinity of 210-230 nm. In the case of HNE-modified protein, however, a major conformational change was observed based on the decrease in negative ellipticity at 198 nm and an increase in negative ellipticity at 217 nm, indicating the formation of structure. This may be contrasted with the characteristic formation of  -helical structure on  -synuclein binding to lipid vesicles, and suggests that the conformational change in the present case results from an intrinsic change in the  -synuclein molecules rather than from interaction with the lipid-like HNE.
The conformational changes induced by HNE modification of  -synuclein were further characterized by FTIR, which is more sensitive to  -structure than circular dichroism. Fig. 3 shows the FTIR (amide I region) spectra measured for  -synuclein (Fig. 3A) and the HNE-modified protein (Fig. 3B) . The FTIR spectrum of  -synuclein is typical of an unfolded polypeptide, with the main peak at 1650 cm -1 . In the spectrum of HNE-modified  -synuclein, however, a new peak appears in the vicinity of 1626 cm -1 , which corresponds to  -sheet or extended structure (Fig. 3B) . This result is consistent with the circular dichroism data, confirming that HNE modification to  -synuclein results in the formation of  -sheet structure.
Effect of HNE modification of  -synuclein on the fibrillation of  -synuclein -
The histological dye Thioflavin T (ThT) is widely used for the detection of amyloid fibrils (46;49) . In the presence of fibrils, ThT gives rise to enhanced fluorescence emission at 482 nm, whereas unbound ThT is essentially non-fluorescent at this wavelength. The binding of ThT to  -synuclein fibrils is thus a very convenient method for studying the kinetics of fibril formation. The kinetics of  -synuclein fibrillation usually show a characteristic sigmoidal curve, which is composed of an initial lag phase, a subsequent growth phase, and a final equilibrium phase. Such curves are consistent with a nucleation-dependent polymerization model, in which the lag corresponds to the nucleation phase and the exponential part to fibril growth (elongation).
Time-dependent changes in the ThT fluorescence during the incubation of unmodified and HNE-modified  -synuclein at 37 o C are shown in Fig. 4 . Unmodified  -synuclein shows typical sigmoidal kinetics of fibrillation with a lag time of 15 hours. The HNE-modified  -synuclein, however, showed no change in ThT fluorescence signal on the measured time scale, indicating that HNE modification of the protein leads to loss of its ability to form fibrils.
Oligomerization of HNE-modified  -synuclein -
Whereas the ThT assays provide evidence that the HNE-modified  -synuclein does not form fibrils, data from size-exclusion HPLC (SEC) and AFM show that this is due to the formation of soluble oligomers during incubation at 37 C (Fig. 5, 6 ). As shown in Fig. 5 , in the SEC monomeric  -synuclein elutes at a retention volume of 8 ml. During incubation with HNE, the oligomer peak appeared at 6 ml. The height of the oligomer peak increased concomitantly with a decrease in monomer peak during continued incubation; ultimately all monomers were converted into the oligomers by 60 hours of incubation. The AFM images are consistent with the presence of monomers (25 Å high) and oligomers (60 Å high) after incubation with HNE, compared to the 120 Å height of the fibrils from unmodified  -synuclein (Fig. 6) . Due to interactions with the surface of the mica substrate the heights of the objects in the AFM images are smaller than predicted from the solution properties. The volume of the oligomers in the AFM image is consistent with that from the SAXS data (below).
Small-angle X-ray scattering characterization of HNE modified  -synuclein -The size and shape of HNE-induced oligomers were also analyzed using small angle x-ray scattering. The scattering profiles were obtained for 2 mg/ml HNE-induced oligomers compared to 2 mg/ml of unmodified protein. The Guinier plots of these two species (Fig. 7A) give the Rg of HNE induced oligomers 103.5 ± 1.3 Å, compared to the Rg of unmodified protein, which was 41 ± 0.4 Å. In addition, the corresponding Kratky plots (Fig. 7B) show that the HNE induced oligomers give a bell-shaped curve in the very small angle area, indicating that the subunits are compact and tightly packed. In contrast, unmodified  -synuclein shows a curve typical of an unfolded protein.
Stability of HNE- -synuclein oligomers -
The stability of the HNE  -synuclein oligomers was determined using GuHCl to denature the protein and monitored using SEC. The eluting patterns of the oligomers treated with increasing concentrations of GuHCl are shown in Fig. 8 . Under the experimental conditions, the unmodified monomers of  -synuclein have an elution volume of 7.5 ml. The HNE-induced oligomers, without GuHCl treatment, show an elution volume of 5.2 ml. With increased concentration of GuHCl, the peaks corresponding to the oligomers shifted to slightly larger elution volume, accompanied by lowed absorbance intensity and increased peak width. This observation indicates that high GuHCl concentrations lead to the formation of slightly smaller oligomers, with wider polydispersity. However, even treated with as high as 6 M of GuHCl, the HNE-induced oligomers did not disassociate into monomers, indicating the high stability of the oligomers and their extremely slow rate of dissociation.
HNE-oligomers are toxic to dopaminergic
neurons -Experiments aimed at testing the biological consequences of HNE-induced modification of  -synuclein were performed in primary cultures from the rat ventral mesencephalon. In these mixed cultures that contain dopaminergic as well as nondopaminergic (e.g. GABAergic) neurons, loss of neuronal integrity was assessed as a decrease in neurotransmitter (dopamine or GABA) uptake (50) . When cells were incubated for 48 hrs in the presence of 1  M HNE-modified oligomers, no significant loss of neuronal integrity was observed. However, at a higher concentration (5  M), these  -synuclein oligomers displayed marked neurotoxicity and caused a 95% and 85% loss of dopaminergic and GABAergic neurons, respectively (Fig. 9) . DISCUSSION  -synuclein forms covalent adducts with HNE. The roles of 4-hydroxy-2-nonenal in physiology and pathology have been well documented (51) . Essentially HNE exhibits a high activity towards thiol and amino groups and the ensuing modified proteins are responsible for most of the biochemical effects. Reactions of the HNE C=C double bond include Michael additions by which HNE-cysteine, HNE-histidine, and HNE-lysine adducts can be formed. Reactions of the aldehyde group could also be involved in some protein modifications, leading to Schiff bases. The mass spectrometry data presented in this work show that the products from the modification of  -synuclein with HNE have the formula of [ -synuclein (14,460 Da) + (HNE (156 Da)) n ] (n = 1, 2, 3…), indicating the products are the adducts of  -synuclein with increasing numbers of HNE (156 Da) molecules. This indicates that the covalent modification occurs via Michael addition. The most likely attacking nucleophiles are the side chains of Lys and His.  -Synuclein has a single His residue at position 50, whereas it has 15 Lys residues. It has recently been reported that HNE can modify  -synuclein at His50 (14) . Our data indicate that it must also be modified at several of the Lys residues. We also examined the interaction of  -synuclein with nonyl aldehyde, a 9-carbon aldehyde analogue of HNE but without the C=C bond. No evidence for covalent modification to  -synuclein was observed in mass spectrometry analysis after incubation of  -synuclein with nonyl aldehyde. These data are consistent with adduct formation of HNE via Michael addition to the C=C bond.
The fact that significant labeling of alphasynuclein occurs with low micromolar concentrations of HNE and that such low concentrations of HNE cause a significant increase in the lag time of alpha-synuclein fibrillation suggest that our observations are likely to be physiologically significant.
The HNE-modification of  -synuclein results in conformational changes and oligomerizationBiophysical characterization of the HNEmodified  -synuclein indicate a substantially increased amount of  -sheet; this probably arises from the increased hydrophobicity of the modified protein resulting in partial folding of  -synuclein due to formation of a hydrophobic core. The putative contiguous hydrophobic surface area in this partially folded conformation favors self-association, leading to the observed formation of soluble oligomers. The Kratky plot of the small-angle X-ray scattering data reveals that the subunits in the oligomers are also significantly more compact than the unmodified form of  -synuclein. The marked stability of these oligomers in the presence of high concentrations of GuHCl indicate that the intermolecular interactions in the oligomers are very strong, probably due to a combination of hydrophobic, electrostatic and H-bonding interactions.
Since HNE can cause crosslinking of proteins an alternative possibility is that the very stable oligomers are due to covalent crosslinking between  -synuclein molecules. However, if there were such covalent cross-linking then SDS PAGE should show a series of oligomers. Since we did not see any indication of covalent crosslinking in the HNE-induced stable oligomers by SDS PAGE we can eliminate this possibility.
The increased Rg of the oligomers in the SAXS experiments compared to that of the monomers suggests that the minimum number of subunits of  -synuclein in the oligomers is 16. We ascribe the polydispersity of the oligomers as follows: we believe there is a minimum sized oligomer building block, perhaps an octamer, which readily self-associates to form larger oligomers.
The fact that the HNE oligomers are so stable probably accounts for the lack of fibrillation of the HNE-modified  -synuclein: the protein is tied up in the oligomers, and dissociation is sufficiently slow that negligible  -synuclein monomer builds up. It is also possible that the modification of the  -synuclein side chains by the HNE, and the ensuing increased hydrophobicity and conformational change, lead to disfavored fibrillation and more favored oligomer formation, i. e. kinetics competition favoring the oligomers.
One major implication of the inhibited fibrillation is that, if significant HNE modification of  -synuclein takes place within cells, fibrillation would not occur but rather there would be a buildup of the soluble oligomers. How reasonable is it to hypothesize that this series of events may actually occur within dopaminergic neurons, i.e. the neurons that are preferentially targeted by the neurodegenerative process of Parkinson's disease (PD)? Because of their dopamine content and the ability of dopamine to participate in oxidative reactions, dopaminergic neurons are thought to be particularly prone to oxidative stress (52) . This oxidative stress could in turn lead to lipid peroxidation and ultimately to HNE formation. There are several reports suggesting increased HNE modification in Parkinson's disease (43;53;54) . Since  -synuclein in its normal physiological situation is bound to membranes containing substantial unsaturated fatty acyl chains it will inevitably be exposed to significant amounts of HNE, so these observations are consistent with a potentially toxic effect of HNE modification of  -synuclein. Quite interestingly, lipid peroxidation has been reported to be enhanced in the substantia nigra (the area of the brain mostly affected by dopaminergic cell degeneration in PD) of PD patients (55) , further supporting the possibility of increased HNE production within dopaminergic cells under pathological conditions. Another intriguing scenario is provided by studies in animal models of PD. Toxicant challenges that induce selective degeneration of dopaminergic neurons are characterized by oxidative stress and HNE formation that occur at the same time when levels of  -synuclein are also up-regulated (56;57). Thus, it appears that, after toxic insults, HNE-mediated modifications of  -synuclein would be facilitated by the concomitant elevation of HNE and  -synuclein levels within dopaminergic neurons. In a previous study, addition of oligomers obtained from human  -synuclein to ventral mesencephalic cultures was linked to neurotoxicity toward dopaminergic neurons (58) . Our initial findings concerning the biological effects of HNE-modified oligomers also show that, when added to these cultures, they cause a marked loss of neuronal integrity. Although the precise mechanisms underlying this effect are presently unknown, data support the interpretation that HNEmodified oligomers are potentially toxic and could therefore contribute to the demise of neurons subjected to oxidative damage. In addition, it is important to note that the HNEmodified  -synuclein oligomers may have different pathological effects compared to oligomers formed from unmodified  -synuclein, since it is clear that both types of oligomers have significantly different structures and stabilities. 
